The NMDA receptor (NMDAR) subunit GluN1 is an obligatory component of NMDARs without a known functional homolog and is expressed in almost every neuronal cell type. The NMDAR system is a coincidence detector with critical roles in spatial learning and synaptic plasticity. Its coincidence detection property is crucial for the induction of hippocampal long-term potentiation (LTP). We have generated a mutant mouse model expressing a hypomorph of the Grin1 N598R allele, which leads to a minority (about 10%) of coincidence detection-impaired NMDARs. Surprisingly, these animals revealed specific functional changes in the dentate gyrus (DG) of the hippocampal formation. Early LTP was expressed normally in area CA1 in vivo, but was completely suppressed at perforant path-granule cell synapses in the DG. In addition, there was a pronounced reduction in the amplitude of the evoked population spike in the DG. These specific changes were accompanied by behavioral impairments in spatial recognition, spatial learning, reversal learning, and retention. Our data show that minor changes in GluN1-dependent NMDAR physiology can cause dramatic consequences in synaptic signaling in a subregion-specific fashion despite the nonredundant nature of the GluN1 gene and its global expression.
[Supplemental material is available online at http://www.learnmem.org.] According to Hebb's postulate, neurons require a molecular mechanism to detect synchronous activity in order to change the strength of synaptic connectivity (Hebb 1949) . NMDA receptors (NMDARs) are molecular coincidence detectors, and selective NMDAR antagonists block the induction of long-term potentiation (LTP) in both the dentate gyrus (DG) and CA1 regions of the hippocampus (Bliss and Collingridge 1993; Martin et al. 2000) . NMDARs have been long known for their role in spatial learning, but more recently have been implicated in other forms of cognitive function and dysfunction (Gruart et al. 2006; Whitlock et al. 2006; Castner and Williams 2007; Kristiansen et al. 2007; Wilson and Linster 2008) .
Neuronal NMDARs are hetero-tetrameric ligand-gated ion channels typically comprised of two types of subunits. Two copies of the mandatory GluN1 subunit (or NR1 subunit [Collingridge et al. 2009 ] encoded by Grin1) are associated with two copies from the GluN2 family, . The GluN1 subunit is expressed ubiquitously both spatially and temporally throughout the developing and adult brain. Global knockout mice models of the GluN1 subunit are postnatally lethal within hours after birth (Forrest et al. 1994; Li et al. 1994) , and cell-specific GluN1 mice knockouts Nakazawa et al. 2002; McHugh et al. 2007; Niewoehner et al. 2007 ) have provided insights on how specific synapses and regional neuronal networks are dependent on NMDAR function.
The early postnatal lethality of the global GluN1 knockout is in contrast to the null mutants of the four AMPA receptor genes and other major synaptic proteins, such as aCaMKII (Silva et al. 1992a,b; Jia et al. 1996; Zamanillo et al. 1999; Meng et al. 2003 ). This can be at least partially explained by the absence of any close GluN1 homologs, which could functionally compensate for the absence of the GluN1 subunit. Recombinant expression studies defined the GluN1 subunit as a mandatory component of NMDARs. This constellation provides a specific opportunity to test whether different local neuronal subnetworks are affected differentially by mutant Grin1 alleles associated with subtle alterations of the functional properties of NMDARs.
GluN1 subunits with the N598R point mutation (GluN1 R ) yield functional NMDARs that are Mg 2+ insensitive and Ca 2+ impermeable (Burnashev et al. 1992; Mori et al. 1992) . The Grin1 N598R allele that codes for GluN1 R subunits is a gain-offunction mutation that is dominant lethal, even in heterozygous and hemizygous lines (Single et al. 2000; Rudhard et al. 2003) . NMDARs with GluN1 R subunits do not act as coincidence detectors and, interestingly, mice expressing exclusively the GluN1 R allele lack whisker-related pattern formation in the neonate brainstem (Rudhard et al. 2003) .
To investigate the functional importance of GluN1 subunits with the N598R point mutation, we took advantage of the generation of a variant mutant line of mice (GluN1 Rneo/+ ) expressing a minority (around 10%) of these mutant NMDARs. Even though the majority of the NMDARs are normal, all neurons expressing NMDARs will contain a subset of receptors carrying this mutation.
Therefore, this mouse model is an ideal candidate to study the impact of subtle alterations of NMDAR function on different neuronal networks, such as those comprising the hippocampal formation.
Studies examining region-specific targeted disruption of GluN1 expression in subregions of the hippocampus have revealed subtle yet important contributions of this NMDAR subunit in synaptic plasticity and spatial learning and memory. CA1restricted knockout of GluN1 expression in the hippocampus caused impaired spatial learning and memory as well as reduced CA1-LTP . In the case of the disruption of GluN1 expression in the DG region of the hippocampus, more subtle behavioral impairments were apparent, including the inability to discriminate between two similar contexts (pattern separation) and deficits in spatial working memory despite normal LTP in the CA1 region (McHugh et al. 2007; Niewoehner et al. 2007) .
Our GluN1 Rneo/+ mice differ from the region-specific GluN1 mutant mice in that they express the mutant hypomorph at the same level in different subregions of the hippocampus. Interestingly, we found that this allele leads to substantial differences in short-and long-term plasticity between area CA1 and the DG of the hippocampus. The specific impairment in the DG was accompanied by impaired spatial recognition, spatial learning, reversal learning, and retention. Our data establish the possibility of a circuit-specific phenotype caused by a mutant variant of a globally expressed major nonredundant synaptic protein.
Results
Hypomorphic GluN1 R expression in GluN1 Rneo/+ mice Initial expression analysis indicated that the GluN1 Rneo allele is a null allele, due to the presence of the neo cassette in intron 18 ( Fig. 1A ). GluN1 Rneo/Rneo mice did not survive beyond P0, as expected for animals that lack GluN1 subunits (Forrest et al. 1994; Li et al. 1994) . In contrast, GluN1 Rneo/+ mice reached adulthood, were fertile, and did not exhibit any obvious differences in mean body weight at 6 mo of age compared with their wildtype counterparts (GluN1 +/+ : 30.7 6 0.5 g, n = 50; GluN1 Rneo/+ : 29.7 6 0.4 g, n = 38; means 6 SEM, t-test of mean adult body weight between both groups P > 0.2).
However, close inspection of GluN1 protein expression levels of GluN1 Rneo/Rneo mice indicated a low level of full-length protein originating from the GluN1 Rneo allele. The protein level was ;5% of that produced from the wild-type alleles (Fig. 1B) . To quantify the expression of GluN1 R full-length mRNA in adult GluN1 Rneo/+ mice, we performed RT-PCR on total forebrain poly(A) + -RNA. The generated cDNA fragments were subcloned and the number of wild-type and GluN1 R clones were identified using differential oligonucleotide hybridization. Our analysis suggested that 6.2 6 0.8%, mean 6 SEM (n = 5) of the total GluN1 population contained correctly spliced full-length GluN1 R mRNA (Fig. 1C ). Sequencing of GluN1 R clones confirmed the presence of the N598R mutation and revealed no aberrant splicing. Initial immunoblot analysis of protein samples from adult GluN1 Rneo/+ brains revealed no truncated GluN1 subunits using either N-or C-terminal-specific GluN1 antibodies, and this was still apparent when blot sensitivity was increased by overexposure ( Fig. 1D ).
We further investigated whether the hypomorphic allele is expressed at equal relative levels in different cell populations. Quantitative single cell RT-PCR from two hippocampal regions showed no difference in the relative abundance of GluN1 R mRNA (CAl pyramidal cells: 5.1 6 0.4%; DG granule cells: 5.0 6 0.4%; mean 6 SEM, n = 7 each region, two-tailed t-test of means, P > 0.9; Fig. 1E ). We note that the GluN1 R mRNA level found in these two cell populations is not significantly different from the average level in forebrain (two-tailed t-test of means, P > 0.2 for both cell populations compared with whole forebrain; Fig. 1C ).
In summary, we conclude that the insertion of the neo cassette within intron 18 drastically reduced GluN1 R expression, producing a hypomorphic GluN1 R allele. Our GluN1 Rneo/+ mice Figure 1 . GluN1 Rneo/+ mice express NMDAR GluN1 R subunits at low levels. (A) Genomic organization of the GluN1 Rneo allele with neo cassette in intron 18. Arrows indicate PCR primers for mRNA quantification plaque assay. Splicing that leads to the GluN1 R hypomorph is indicated for the PCR fragment. (B) Western blot from P0 brain membranes, probed with antibody against GluN1 C terminus. The weak GluN1 Rneo/Rneo signal is comparable to that obtained from GluN1 À/À preparations spiked with 5% GluN1 +/+ material (sample-loading control: ErbB-4). (C ) Relative GluN1 R mRNA abundance in forebrain of adult GluN1 Rneo/+ mice (n = 5), determined by a plaque assay. (D) Western blot on adult brain homogenate. Antibodies against GluN1 N or C terminus revealed full-length GluN1 subunits and no truncated species in GluN1 Rneo/+ . (E ) Relative GluN1 R mRNA abundance of GluN1 R transcripts from individual CA1 pyramidal neurons or DG granule cells (n = 7 cells, each region), determined by plaque assay.
express two species of full-length GluN1 mRNA, GluN1 wild-type, and GluN1 R in the ratio of about 95:5. Assuming two copies of the GluN1 subunit in mature NMDARs (Behe et al. 1995) , a binomial analysis indicates that GluN1 Rneo/+ mice should express about 90% of pure wild-type NMDARs, a very small amount of pure mutant (<0.4%; 6% mutant amounts to 0.36%), and about 10% of mixed receptors that carry one copy of wild-type GluN1 + together with one copy of mutant GluN1 R subunit.
Thus, only a minority of NMDARs are affected in these animals. The minor alteration of the NMDAR system does not lead to any obvious change in gross neuroanatomy of adult animals (Supplemental Fig. S1A-F ). More specifically, the morphology of the inhibitory hippocampal networks appeared unaltered. Immunohistochemistry for the glutamate decarboxylase GAD 67 revealed no obvious difference in the number and distribution of GAD 67-positive cells between wild-type and GluN1 Rneo/+ mice in the DG (Supplemental Fig. S1G ) or in CA1/ CA3 (data not shown). This was confirmed by Western blots of GAD 67 protein (Supplemental Fig. S1H ) and by counts of GAD 67 positive interneuron numbers in the two genotypes (three adult animals for each genotype, six hippocampal sections per animal): in the DG, wild-type 17 6 2 cells/hippocampal section; GluN1 Rneo/+ 18 6 1 cells, mean 6 SEM; in areas CA1/CA3, wildtype 115 6 6 cells/hippocampal section; GluN1 Rneo/+ 121 6 12 cells. Furthermore, measurements of the level of a number of synaptic proteins (Supplemental Fig. S1H ) and a screen for differential expression of a large number of genes failed to identify any obvious systematic molecular difference in the hippocampus between the two genotypes (Supplemental Fig. S1I ). Yet, the mutant animals showed specific impairments in synaptic plasticity and spatial learning.
GluN1 Rneo/+ mice exhibit impaired in vivo synaptic plasticity in the DG In vivo electrophysiological analysis within distinct subregions is an elegant strategy that permits both evaluation of synaptic plasticity together with network properties, where the contribution of the native neuronal circuitry is intact (Bliss et al. 2000; Jones et al. 2001; Jedlicka et al. 2009 ). Using this approach, we first investigated aspects of short-and long-term plasticity in the hippocampus (Fig. 2 ). In vivo LTP in CA1 following tetanic stimulation of Schaffer collaterals was indistinguishable between GluN1 Rneo/+ mice and controls (potentiation 55-60 min after induction relative to baseline measured in the 5 min before induction; GluN1 Rneo/+ : 18.7 6 7.1%, n = 5; GluN1 +/+ : 18.8 6 4.7%, n = 5; mean 6 SEM; Fig. 2A ).
In contrast, the two genotypes showed pronounced differences in the amplitude of LTP in the DG (Fig. 2B ). LTP induced by tetanic stimulation of perforant path fibers was completely absent in GluN1 Rneo/+ mice (potentiation GluN1 Rneo/+ : À0.88 6 2.7%, n = 9; GluN1 +/+ : 12.6 6 4.6%, n = 8, P < 0.001, two-tailed t-test comparing means 40-60 min post-tetanus). Our measurements were limited to a 60-min post-induction period and demonstrate that early LTP in GluN1 Rneo/+ animals is normal in the CA1 region, but abolished in the DG. Given the absence of any sign of decay of LTP in the CA1 region or of recovery in the DG at 60 min postinduction, it is probable that late LTP follows the same pattern as early LTP.
Granule cell firing properties are altered in the DG of GluN1 Rneo/+ mice Further investigation of population responses of DG granule cells to synaptic stimulation revealed substantially reduced granule cell firing, as assessed by the input/output function for the population spike, despite indistinguishable field EPSP responses ( Fig. 2C,D) . There was no obvious broadening of the population spike, making it unlikely that the reduced spike height was secondary to a more asynchronous firing of the granule cells.
Analysis of paired-pulse interactions revealed a similar divergence between synaptic responses and the discharge of granule cells in the two genotypes ( Fig. 2E,F) . The paired-pulse ratio of the field EPSP over a range of interstimulus intervals (ISI) was unaltered ( Fig. 2F) . In contrast, when we examined paired-pulse inhibition and facilitation of the population spike, we found a marked increase in the duration of inhibition in GluN1 Rneo/+ mice compared with controls, up to 35 msec, compared with 20 msec in controls. There was also a profound decrease in facilitation at longer ISIs ( Fig. 2E ); the maximal potentiation was found at ISIs between 60 and 100 msec, with an increase of 1185 6 147% for wild-type and 360 6 89% (mean 6 SEM) for mutant animals. There was no difference between the EPSP amplitude input/output curves between the genotypes in area CA1 (Fig. 2G) . In contrast to the DG, paired-pulse interactions in area CA1 were not altered in GluN1 Rneo/+ mice (Fig. 2H ).
In summary, our electrophysiological recordings revealed a substantial impairment of short-and long-term plasticity in the DG as well as altered granule cell firing, whereas plasticity in area CA1 appeared normal, despite the identical expression levels of the mutant allele in these two subregions of the hippocampus.
GluN1 Rneo/+ mice show impaired spatial learning
Our electrophysiological observations in the DG prompted us to examine whether these localized changes influence the ability of GluN1 Rneo/+ animals to perform a hippocampus-dependent behavioral task such as spatial learning. NMDARs containing GluN1 R subunits are impaired in their coincidence-detection properties (Burnashev et al. 1992; Single et al. 2000; Rudhard et al. 2003) . This raises the question as to whether the minimal but potentially critical disruption of the NMDAR-mediated signaling system in GluN1 Rneo/+ animals affects spatial learning or the retention of spatial information.
We first examined the ability of GluN1 Rneo/+ mice to learn the hidden platform reference memory version of the watermaze task (Morris et al. 1982; Schenk and Morris 1985) , beginning with pretraining that consisted of navigation to a visible cue in the absence of extramaze cues. The escape latency to reach the platform was reduced during training in both GluN1 +/+ (analysis of variance, ANOVA, escape latency across days of training, F (5,72) = 38.9, P < 0.001) and GluN1 Rneo/+ mice (ANOVA, F (5,66) = 13.4, P < 0.001). No significant difference between the genotypes was observed at the completion of training (day 6, ANOVA P > 0.33; Fig. 3C ), indicating that any impairment in this test can be fully overcome with training.
To test spatial learning, the local cue on the platform was removed and the curtains drawn back to reveal extra maze cues ( Fig. 3 ). Animals were initially trained in place navigation for 7 d (Fig. 3A,B ). GluN1 +/+ controls significantly reduced their escape latencies during training (ANOVA, F (6,84) = 6.4, P < 0.001). However, GluN1 Rneo/+ mice showed no significant decrease in escape latency (F < 1, P > 0.4). The apparent difference in escape latency in Figure 3A on day 1 of training is due to rapid within-day learning by controls. Figure 3B shows the decline in latency across the four trials of day 1 from the comparable starting point in the two groups.
To test whether the mice had acquired any spatial bias for the training quadrant (TQ), mice were given a post-training probe test ( Fig. 3D,F) . In this probe test (PT1) GluN1 +/+ animals showed a clear preference for the TQ (ANOVA, quadrant time in TQ vs. mean of the other three quadrants F (1,24) = 14.2, P < 0.001), which was absent in GluN1 Rneo/+ mice (F (1,22) = 1.6, P > 0.2). The mean time spent within the TQ was significantly different between the groups (ANOVA, F (1,23) = 7.2, P = 0.01).
The spatial learning impairment in GluN1 Rneo/+ animals was further investigated by a reversal experiment (Fig. 3A,E) . The platform position was moved to the opposite pool quadrant (days 8-13). As expected, control GluN1 +/+ mice showed an increase in escape latency on day 8 (relative to day 7), reflecting their prior learning of the original platform location, whereas GluN1 Rneo/+ did not show an increase, again consistent with the PT1 data indicating no spatial learning in the mutants. While the GluN1 +/+ mice showed a significant decline in escape latency (ANOVA, F (5,72) = 10.4, P < 0.0001), GluN1 Rneo/+ animals were apparently uninfluenced by the reversal; their subsequent trend toward reduction of escape latencies did not reach significance (F (5,66) = 1.6, P = 0.2).
Probe trials at the end of the experiment (PT2) mirrored the results found in PT1; GluN1 +/+ mice showed a significant preference for the new TQ (ANOVA, F (1,24) = 16.0, P < 0.001), which was absent in GluN1 Rneo/+ mice (ANOVA, PT2: F (1,22) = 1.4, P = 0.3). Again, there was a significant difference in the mean times spent by either group within the TQ (ANOVA, F (1,23) = 5.6, P = 0.03).
During PT1 and PT2 we observed similar mean swim speeds in both GluN1 Rneo/+ and GluN1 +/+ mice (26 6 0.6 cm/sec, 27 6 0.4 cm/sec), suggesting that the GluN1 Rneo/+ animals were unlikely to be impaired by motor dysfunction during the task. In addition, we found that the GluN1 Rneo/+ mice retained normal motor coordination when their ability to remain on a rotating rotarod was examined. The mean latency to fall from the accelerating rotarod was almost identical for the two genotypes (Fig. 4A ), and the performance between the groups was similar throughout the 3 d of training.
It is possible that the combination in the GluN1 Rneo/+ mice of the slightly delayed gain of performance after training with the visible platform and the trend toward a reduced escape latency is caused by these animals retaining some spatial learning capacity and/or that the hidden platform task is somehow confounded by nonspecific factors (Wolfer et al. 1998) . The similar results of the reversal experiment make this highly unlikely. The deficits of GluN1 Rneo/+ mice revealed in the probe trials support the notion that this targeted mutation is associated with a severe impairment of spatial learning.
GluN1 Rneo/+ mice are not impaired in novel object recognition
We also tested these animals in a different learning paradigm, novel object recognition (Fig. 4B) , and found that the two genotypes exhibited similar preferences for the novel object 1 min after training. Thus, despite the learning impairment seen in the open field watermaze (Fig.  3) , GluN1 Rneo/+ mice were able to perform normally in a different learning task. Furthermore, a loss of memory retention in both genotypes was observed when the retention interval was extended to 1 h (Fig. 4B ). Limited retention of memory traces in both genotypes was also found in the preference for the goal segment during the probe tests of the annular watermaze task 5 d after training (see below).
GluN1 Rneo/+ mice show impaired place recognition
Place recognition was further examined using a task that avoids the need to navigate directly to the correct location. This is an annular watermaze, in which the animals swim in a narrow circular corridor of 16-cm width for a full ''lap'' of the circle, only after which a hidden escape platform becomes available in the center of one of six target segments ( Fig. 5A ; Brun et al. 2002; Clark et al. 2005) . As the animals learn that this is where escape is possible, they stop investigating the side walls, swim around the circuit to approach this segment, and then slow down their swim speed when they get there. Analysis of acquisition over 5 d showed that path lengths of the wild-type and mutant mice were equivalent at ;7.5 m (Fig. 5B) . However, over the 5 d of training, the mean time to complete this circular path was longer for the mutants (ANOVA, F (1,16) = 24.45, P < 0.001), as their average swim speed was less (ANOVA, F (1,16) = 40.73, P < 0.001). The animals were then given two probe tests (escape platform unavailable) at 24 h after the last day of training and again at 5 d post-training (Fig. 5C) . Searching by the GluN1 +/+ controls in the goal segment was above chance (one sample t-test, t = 2.45, P < 0.05). The performance of the mutant mice was significantly below the chance level (t = À2.8, P < 0.05), possibly due to a bias to remain in the placement segment, which was always opposite the test segment.
There was a highly significant impairment in place recognition (PT1) by the mutants with a much lower proportion of time spent searching the ''correct'' segment than by controls (ANOVA, F (1,16) = 7.64, P < 0.025), suggesting that they did not learn to search in the goal segment. The group difference dissipated over the 5-d retention interval, such that the groups no longer differed in PT2. An identical pattern was observed with respect to the frequency of swim-path crossings of the correct location by wildtype mice (data not shown). Finally, the inner wall of the annular watermaze was removed and the escape platform marked by a local cue (Fig. 5D,E) . Over four trials, there was a trend toward significant trial effect, suggesting some degree of weak learning Figure 3 . Impaired spatial learning of GluN1 Rneo/+ mice. (A,B) GluN1 Rneo/+ (n = 12) and wild-type GluN1 +/+ littermates (n = 13) were trained to a fixed hidden platform position in a watermaze for seven consecutive days (acquisition, four trials a day), followed by 6 d, to a platform position in the opposite pool quadrant (reversal, after 21-d interval). (B) Identical escape latencies for both genotypes at the beginning of the experiment, as shown by the results from individual trials on training day 1. (C ) (s) Wild-type GluN1 +/+ , (n = 13) and (d) GluN1 Rneo/+ mice, (n = 12) were trained for 6 d with four trials per day to locate the platform marked by a local visual cue, prior to the training for the hidden platform. The two groups performed equivalently well at day 1 (ANOVA, P > 0.65), and by training day 6 (ANOVA, P > 0.33). The differences between the groups during days 2-5 (ANOVA, P = 0.0007, 0.005, 0.01, and 0.0002, respectively) suggest that the mutants were slower learners than their wild-type littermates during this period, but this difference was insignificant by the end of the task. (D,E ) Probe tests (PT1 and PT2) were performed (without platform) after training days 7 and 13, respectively. GluN1 +/+ mice spent more time in the TQ than GluN1 Rneo/+ mice. Cold Spring Harbor Laboratory Press on October 1, 2009 -Published by learnmem.cshlp.org Downloaded from had occurred in both groups (F (3,48) = 2.45 P = 0.075); however, there was no group by trial interaction (F < 0.1) and no difference was observed between the escape latencies of the mutant and wildtype mice (ANOVA, F (1,16) = 1.05, P > 0.1).
The deficits of GluN1 Rneo/+ mice revealed during the training phases of both the reference memory and annular watermaze tasks and in their respective probe tests support the notion that the region-specific alterations of NMDAR function are accompanied by a pronounced impairment of spatial recognition and spatial learning.
Discussion
The objective of this study was to evaluate the consequences of minimal alterations of the NMDAR-mediated coincidence detection system with respect to specific impairment in hippocampal subregions. We have achieved this by investigating a mouse mutant (GluN1 Rneo/+ ) exhibiting a low level of expression of a mutation (GluN1 R ) within the globally expressed, nonredundant NMDAR subunit, GluN1. Our mutant mouse model bears some similarities to the GluN1 hypomorph described by Mohn and colleagues (Mohn et al. 1999 ), yet the two models differ in the nature of the expressed GluN1 allele. Mohn and collaborators studied the low-level expression of the wild-type GluN1 allele, whereas we have examined the low-level expression of a mutation within the GluN1 allele (GluN1 Rneo/+ ).
The phenotype of our mouse model is also very different from a heterozygous, or partial loss-of-function mouse model, GluN1 +/À (Silva et al. 1997 ; our own observations; data not shown), in which no obvious learning deficit was detected in a standard genetic background.
Moreover, our mouse model also differs from the region-specific GluN1 subunit knockouts described by McHugh et al. (2007) and Niewoehner et al. (2007) . These studies have examined ''loss-of-function'' mice with DG regionspecific elimination of GluN1 expression in the hippocampus. In contrast, we describe a mouse model with a ''gain-offunction'' allele of the GluN1 locus (i.e., an allele conferring an altered function, rather than loss-of-function). Common to these mouse models is the impairment of LTP in the DG region with preservation of LTP in area CA1. The behavioral phenotypes, however, are markedly different. The behavioral phenotype in our model could, in principle, be due to as yet undetected electrophysiological extrahippocampal effects of our mutation, which may contribute to the delayed learning of the visible platform task; alternatively, and perhaps in addition, it is possible that the gain-of-function allele imposes a more severe impairment on the network properties of the DG. The latter interpretation is supported by the marked changes in granule cell excitability observed in our mutant mice (Fig. 2C,E) , a phenotype not seen in the DG-specific GluN1 knockout (McHugh et al. 2007 ).
It is not surprising that these very different alleles produce different phenotypes, even if the expression of the electrophysiological phenotype is restricted to a subregion within the hippocampus. While in both cases the electrophysiological phenotype is essentially restricted to the DG, the nature of the phenotype is substantially different. In our study we have observed that behavioral and electrophysiological phenotypes can be expressed when subtle changes occur in nonredundant proteins such as the GluN1 subunit, and that these functional changes can be restricted regionally despite global expression of the GluN1 mutation. In Cold Spring Harbor Laboratory Press on October 1, 2009 -Published by learnmem.cshlp.org Downloaded from summary, the GluN1 Rneo/+ hypomorph presented here is distinct from previously described GluN1 subunit mouse mutants and highlights the phenotypic and localized dysfunctions that become evident when subtle changes in NMDAR function occur.
GluN1 R -containing NMDARs are impaired in their coincidence-detection properties (Burnashev et al. 1992; Mori et al. 1992; Single et al. 2000; Rudhard et al. 2003) and only a minority of NMDARs (10%) are affected in GluN1 Rneo/+ mice. The heterogeneous population of NMDARs in GluN1 Rneo/+ has a reduced macroscopic sensitivity to Mg 2+ ions (a gain-of-function of the GluN1 R -containing receptors) (Rudhard et al. 2003 ) and retains Ca 2+ signaling (through wild-type receptors). This interpretation is fully compatible with the genetic classification of the GluN1 Rneo allele, and its gene product, i.e., GluN1 R subunits, as a gain-offunction mutation (Burnashev et al. 1992; Mori et al. 1992; Single et al. 2000; Rudhard et al. 2003) .
Thus, NMDAR-dependent signaling in our GluN1 Rneo/+ mice is activated under less-stringent conditions than in wild-type mice, in line with the data by Pawlak et al. (2005) , who observed a substantial NMDAR-mediated EPSP component in cells expressing a high proportion (i.e., 50%) of GluN1 R subunits in the presence of physiological concentrations of Mg 2+ . As we have shown, the minor alteration of the NMDAR-mediated coincidence detection system in GluN1 Rneo/+ mice resulted in severe impairment of spatial learning and spatial navigation and functional deficits in the DG.
Previous studies using lesions and physiological disruption of the DG have revealed abnormal spatial learning in rats (Sutherland et al. 1983; Moser et al. 1998) , but left some uncertainty as to whether the manipulations had affected additional regions. We now show that spatial learning is impaired, while short-and long-term plasticity in area CA1 in vivo appears to be unaffected. Our data suggest that the spatial learning deficits observed in GluN1 Rneo/+ mice can be caused by functional disruption in DG properties in the absence of CA1 dysfunction, in contrast to other genetic mouse models (Mayford and Kandel 1999; Matynia et al. 2002; McHugh et al. 2007; Niewoehner et al. 2007 ). Conversely, selective CA1 dysfunction can also cause impairments in spatial learning and place cells (McHugh et al. 1996; Tsien et al. 1996) . It may seem surprising that such a striking behavioral phenotype accompanies such an apparently subtle change in NMDAR coincidence detection, given that the distributed-associative nature of hippocampal circuitry is one that should enable normal function to continue in the face of partial damage (Marr 1971; Rolls and Treves 1998) . However, ''graceful degradation'' in the face of partial damage is a property observed in neural networks when each of the processing elements are themselves normal (McNaughton and Morris 1987) . Here, in contrast, individual granule cells will have a complement of normal receptors at which NMDAR coincidence detection is functioning correctly (90%) and a subset of other receptors at which it does not (10%). Thus, unlike a partial structural lesion, all neurons within the DG will be potentially affected by this genetic alteration. Similarly, all will be affected by the changes in feedback and feed-forward inhibition.
Our first use in mice of Moser's annular watermaze task was motivated in part by a Brun et al (2002) observation that rats with CA3 lesions that interrupt the hippocampal trisynaptic circuit have normal CA1 place fields and can learn to recognize a spatial location under conditions where directed navigation is unnecessary. Such animals are, however, impaired in learning a standard watermaze task that appears to require the integrity of the trisynaptic circuit, including the DG. We therefore thought it likely that GluN1 Rneo/+ mice, with an apparently specific dentate impairment within the hippocampal formation, might be able to learn an annular watermaze. Our findings do not bear out this supposition. Either the GluN1 Rneo/+ mice have other functional abnormalities that affect spatial recognition memory (e.g., in the neocortex) or processing in the trisynaptic hippocampal circuit when there is aberrant activity-dependent plasticity in each of the granule cells of DG that has more deleterious effects on hippocampal function than a frank lesion.
The absence of LTP in the DG and its preservation in CA1 is, a priori, difficult to explain. The requirement for NMDARs in the initiation of LTP in both regions is well established (Bliss and Collingridge 1993) . LTP in area CA1 of GluN1 Rneo/+ mice suggests a functional NMDAR system in that region, consistent with a majority of wild-type NMDARs in these mice.
So why is LTP in the DG absent? We can exclude differential expression of the hypomorphic allele in the two areas (Fig. 1E) . However, it is likely that the signaling pathways downstream from NMDARs in the DG are different and more sensitive to minor alterations of Ca 2+ signaling than those in CA1. For example, in area CA1, early LTP depends on autonomous calcium-independent aCaMKII signaling (Giese et al. 1998) , while this is not the case for the DG (Cooke et al. 2006 ).
An alternative explanation, that an increase in direct tonic inhibitory modulation by GABAergic synapses might suppress LTP in the DG (Freund and Buzsaki 1996; Errington et al. 1997 ) is supported by the reduction in the amplitude of the population spike in GluN1 Rneo/+ mutants. Against this hypothesis, however, we failed to find abnormalities in the level of the inhibitory markers GAD 67 or the numbers of inhibitory interneurons in the GluN1 Rneo/+ mice. The functional alterations that we have found in the DG may well have resulted from a slightly modified, activity-dependent development of the DG network; alternatively, it may represent an acute alteration of NMDAR-mediated signaling, despite the absence of any obvious change of the hippocampal transcriptome or major synaptic proteins.
In addition to the suppression of LTP we have described a second electrophysiological phenotype in the DG of GluN1 Rneo/+ mutant mice. The suppression of the population spike by recurrent inhibition at short paired-pulse intervals lasts considerably longer in the mutants, and the massive 10-fold facilitation seen at longer intervals in wild-type animals is much less developed. These properties indicate a functional enhancement of feedback inhibition and a dampening of feed-forward disinhibition relative to wild-type animals (Freund and Buzsaki 1996) in the absence of a change in the number of GAD 67 positive cells or GAD 67 protein levels. One possibility to link the two electrophysiological phenotypes in the DG is that back-propagation of action potentials (APs) into the dendritic tree might play an important role in the initiation of LTP in the DG.
Whatever the precise mechanism that leads to the impairment of short-and long-term plasticity in the DG, it is remarkable that the subtle mutation that we have introduced into the NMDAR system manifests itself in such a distinct and localized manner in different subregions of the hippocampus. This finding highlights the notion that different brain circuits may be governed by specialized assemblies of signaling pathways that contribute to the developmental refinement and electrical control of synaptic connectivity, even when these pathways share core components such as the nonredundant, globally expressed GluN1 subunit of the NMDAR.
Materials and Methods

Mouse strains
The GluN1 Rneo/+ and GluN1 +/À strains and their genotyping have been described previously (Rudhard et al. 2003) . GluN1 Rneo/+ 3 GluN1 Rneo/+ breeding produced litters with a Mendelian distribution of genotypes (22 wild-type, 58 GluN1 Rneo/+ , and 27 GluN1 Rneo/Rneo ). Mice were bred into a C57BL/6J background and experiments were Mutant NMDARs impair spatial learning and DG network www.learnmem.org done with at least four backcrosses. No differences between the generations were observed. All work was undertaken under the auspices of the UK Home Office Project and Personal Licenses held by the authors in their designated laboratories.
Data analysis
Averages are given as mean 6 SEM unless otherwise noted. Individual tests used have been indicated where relevant.
mRNA analysis
Plaque assay
Poly(A) + -RNA was prepared from whole brains by first isolating total RNA using Tri-reagent solution (Sigma) followed by poly(A) + -RNA preparation (Fast Track 2.0 kit, Invitrogen). RT-PCR and differential oligonucleotide hybridization from dual plaque filters have been described previously (Rudhard et al. 2003 ).
Single-cell RT-PCR
The cytoplasmic contents of single CA1 pyramidal neurons or DG granule cells (from acute GluN1 Rneo/+ adult hippocampal slices) were harvested using constant negative pressure into a patch pipette containing 52 mM Tris-Cl (pH 8.5), 78 mM KCl, 3.1 mM MgCl 2 , 80 U/mL RNase inhibitor (Roche). The contents of the pipette tip plus the broken-off tip was added into a 0.5 mL RT-PCR tube containing a dissolved (50 mL) Ready-To-Go RT-PCR bead (Amersham Pharmacia Biotech) plus primers (0.25 mg of oligo-dT and first round GluN1 primers [mGluN1-Seq51-s, 59->39] GTGATGCTGTACCTGCTGGACCGC, exon 14 and mGluN1-Seq52-a, CCCCTGCCATGTTCTCAAAAGTGA, exon 19). The RT-PCR was incubated for 30 min at 42°C (Biometra Uno II Thermocycler) for first-strand cDNA synthesis, followed by first-round PCR cycling (30 cycles touchdown-PCR [94°C, 30 sec; 68°C -0.5°C every second cycle, 30 sec; 72°C, 90 sec]) and a further 15 cycles ([94°C, 30 sec; 46°C, 30 sec; 72°C, 45 sec]). A 1:10 dilution of this reaction was used as a template for the second-round PCR (primers mGluN1-PCR101-s and mGluN1-PCR104-a [Rudhard et al. 2003 ]; 30 cycles [94°C, 30 sec; 52°C, 30 sec; 72°C, 60 sec]). This set of nested GluN1 primers binds to exons 14 and 19, respectively (Fig. 1A) . The amplicons were then digested and subcloned for GluN1 R mRNA quantification. The relative abundance of GluN1 + and GluN1 R transcripts was determined as the ratio of the number of plaques hybridizing with one probe to the total number of GluN1 transcript-containing plaques as described (Rudhard et al. 2003) . A number of GluN1 + and GluN1 R -containing plaques were verified by DNA sequencing, revealing exclusively transcripts that were spliced identically to the wild-type GluN1 + allele.
RNA expression profiling
The array experiment was performed by Genome Systems (now Incyte Genomics; mouse GEM 1 microarray) on pooled hippocampal poly(A) + -RNA from three animals of each genotype; for details, see Specht and Schoepfer (2001) .
Immunoblotting and antibodies
Total brain homogenate (from P0 pups) and hippocampal homogenates (adult animals) were analyzed by Western blot as described (Specht and Schoepfer 2001; Rudhard et al. 2003) . For details about antibodies see Supplemental material.
Histology
Preparation of brain tissue for histology and Nissl staining has been described (Chen et al. 2002) . Serial coronal sections from 5-7-mo-old littermates were collected in groups of three. One section from each group was taken for immunohistochemistry and the other for Nissl staining.
Immunohistochemistry
Free-floating sections were washed 33 in PBS (20 mM sodium phosphate, 150 mM NaCl, pH 7.5), and endogenous peroxidases were exhausted with 3% hydrogen peroxide (5 min), followed by three washes in PBS. Sections were blocked in 3% goat serum in TBS (50 mM Tris-Cl, 154 mM NaCl, pH 7.4) for 30 min, incubated overnight with anti-GAD 67 1:2000 in 1% goat serum in TBS at 4°C. Following three washes in TBS, the sections were incubated with goat anti-rabbit HRP-conjugated secondary antibody 1:500, for 1 h at room temperature. After two more washes with TBS, sections were developed with nickel-enhanced DAB intensification reaction for 5 min in the dark. Sections were washed twice in TBS, mounted on glass slides, dried overnight, dehydrated, cleared in Histoclear (National Diagnostics), and coverslipped in DPX (BDH-Merck).
Behavioral analysis
Subjects
Male mice (5-8-mo-old) were used, with the experimenter blind to genotype. GluN1 Rneo/+ animals from GluN1 +/+ 3 GluN1 Rneo/+ breeding were compared with wild-type littermates. For analysis of GluN1 +/À animals, offspring from GluN1 +/+ 3 GluN1 +/À breeding were used.
Rotarod
Motor coordination and learning were assessed using an accelerating rotarod for mice (Ugo Basile, No. 7650, 3-cm diameter of rotor/15-cm height/60-cm width). Mice were placed on the rotarod at an initial speed of 5 rpm for 30 sec. If mice fell during this period, they were once more placed on the rotarod. The rotarod was then gradually accelerated to 40 rpm over a period of 4 min, and then maintained for a further 30 sec. A short habituation phase for the mice (three short runs) was carried out prior to the actual training period. During the 3-d training period animals were subjected to three consecutive trials with an intertrial interval (ITI) of 30 min. The average latencies of trials 2 and 3 of each day were taken as a measure of motor coordination.
Novel object recognition
Animals were tested using equipment and similar protocols described by Chen et al. (2000) , except that habituation consisted of daily 10-min periods in the empty arena over a 5-d period. Memory recall for the novel object was examined under two memory delay intervals, 1 min and 1 h. For details see Supplemental material.
Watermaze apparatus
We used both a standard open field watermaze (2-m diameter pool; 20-cm diameter platform; platform area/pool area 1/100) and an ''annular watermaze'' (made by placing two circular stainless steel walls of 1.40-m diameter and 1.08-m diameter placed within the standard pool). In both tasks, we used opaque water at 25°C 6 1°C in a room filled with extramaze cues (Chen et al. 2002) . The apparatus included automated swim-path monitoring with an overhead video camera and processed using the LabViewbased computer program Watermaze.
Standard open field watermaze
Visible platform training: Mice were trained to a pseudorandomly located platform with a local cue protruding out of the water surface with curtains drawn around the pool to occlude extramaze cues (four trials/day, 6 d, maximum trial duration 90 sec; ITI 10 min; platform moved randomly after each trial). Hidden platform training: Mice were trained to a hidden platform with the extramaze cues visible (four trials/day, 7 d, 30 sec spent on the platform at the end of each trial; ITI 10 min; max trial duration 90 sec). For the reversal phase of this experiment, training was for a further 6 d, training days 8-13, to an escape platform in the opposite quadrant. The back-crossing into C57BL/6J had resulted in some animals carrying the chromosomal deletion Del(6)Snca1Slab, that does not result in any obvious phenotype or affect spatial learning (Specht and Schoepfer 2001; Chen et al. 2002) . Probe test: 24 h after the last training trial, mice were placed in the pool for 60 sec with the platform absent. The start position was opposite to Cold Spring Harbor Laboratory Press on October 1, 2009 -Published by learnmem.cshlp.org Downloaded from whatever TQ had been used for an individual animal. Probe tests (PT1 and PT2) were given after days 7 and 13, respectively. The percentage time spent in each quadrant during the trial constituted the primary measure of task performance.
Annular watermaze
The animals were required to swim from a randomly chosen start segment in a narrow circular corridor of 16-cm width for a full ''lap'' of the circle (i.e., return to same segment), after which a hidden escape platform became available in the center of the target segment. In this study, an ''Atlantis Platform'' was used that was initially at the bottom of the pool and then rose, on command, after completion of one lap. Training consisted of four trials/block, two blocks/day, separated by a 1-h interval, withinblock ITI at 10 min. Upon finding and climbing onto the platform, the animals were allowed to stay there for 30 sec before being removed to their cages. The probe tests (PT1 and PT2) lasted 60 sec and ended with the Atlantis platform coming up to provide escape. Probe trials always started from the segment opposite to the platform.
Electrophysiology
For in vivo experiments, animals were anesthetized with urethane (1.5 g/kg body weight, intraperitoneal) and held in a stereotaxic apparatus. For experiments in area CA1, the glass recording electrode was placed 2.0-mm lateral and 2.0-mm caudal to Bregma and a metal bipolar stimulating electrode (Rhodes Electromedical) was placed at the same coordinates on the contralateral side. The LTP induction protocols were based on previous experiments and found to be the most effective for anesthetized mice (ML Errington, unpubl.) .
For experiments in the DG, the glass recording electrode was inserted 2.1-mm caudal and 1.7-mm lateral to bregma. A metal bipolar stimulating electrode was inserted 3.1-mm lateral to lambda and advanced into the angular bundle to activate fibers of the perforant path. Constant current pulses (50 ms, 70-120 mA) were delivered at 30-sec intervals. Electrodes were adjusted to produce maximal responses in the cell body layer. Significance of potentiation was tested on group average potentiation in 2-min intervals during 40-60 min after induction relative to baseline during 5 min before induction. For LTP experiments and measurements of paired-pulse interaction on the population spike, the stimulus intensity was adjusted to produce an initial negative population spike with an amplitude of 1-2 mV. The tetanus consisted of six series of six trains of six stimuli delivered at 400 Hz with 200 msec between trains and 20 sec between series, at twice the intensity of test stimulation. For paired-pulse experiments on the field EPSP, the stimulus strength was lowered to produce an EPSP amplitude of ;1 mV for the first response.
For CA1 experiments electrode positions were adjusted to maximize the response in the stratum radiatum. The test stimulus intensity was adjusted to give a field EPSP with a slope of 40%-50% of the maximum obtainable. The conditioning stimulus consisted of two trains of 50 stimuli at 100 Hz, given at the same intensity as the test stimulus, with an ITI of 60 sec.
